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K(ε) = M + ε2B
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(ξα) = (ξ1, ξ2) ∈ R2
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K(ε)(T, s; ∂T , ∂s) := K(ε)(ε





































































K−1T (Z) = −(λ˜+ 2µ) ∂2TZT , K−1s (Z) = −µ∂2TZs
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Z˘ ∈ Σ(S˘) H
K˘0T (Z˘) =− (λ˜+ 2µ) ∂2T Z˘T + 2(λ˜H + µbrr) ∂T Z˘3,
K˘0s(Z˘) =− µ∂2T Z˘s + 2µbrs ∂T Z˘3,
K˘03(Z˘) =− 2(λ˜H + µbrr) ∂T Z˘T − 2µbrs ∂T Z˘s
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ϕ˘3 = A1 +A2e
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ϕ˘T (T ) = −µbrs(λ˜H + µbrr)−1ϕ˘s(T )
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k = 1, 2, 3
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K[ε1/2] ζ[ε1/2] = g[ε1/2],










































k ≥ 0 
M(ζk/2) = −B(ζ(k−4)/2) + gk/2 KMV S0,


























































































































































G˘1/2 = (0, G03).
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Z0 = (0, Z03 )
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) + · · · ζ0 + · · ·




) + · · · ε ζ1 + · · ·
0 (0, G0
3
) 0 (0, Z0
3
) + · · · ε1/2ζ1/2 + · · ·
0 0 (c0α, 0, 0) (0, Z
0
3
) + · · · ζ0 + · · ·
0 0 (0, c0
3
, 0) (0, Z0
3
) + · · · ε1/2ζ1/2 + · · ·

































Z˘1 6= 0 y=FbebP^Nf\]FoR]ADKQ\BOQPﬃRaRSF/i#RSF/iSE \SPﬃR]KQ\'>fFb\
K˘















ζ1 6= 0 ;@BAtN8\R]ADF$F/gLY8P^Vf\]KUTWVKQ\BT^R]AfFoTZiSE
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) ∈ Σ(S0).  s[ z  
Ł
FoRSAtN8\#AfPZF



















































N ∈ N  
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!<&4	$"i6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‖zε − zN (ε)‖







































































K[ε1/2] ζ[ε1/2] = g[ε1/2]
;@BALNf\TZi
N ∈ N F$AfPZF
K(ε)θN (ε)− gε = O(ε(N+1)/2),



















θN (ε) + εN/2tN
)− gε = O(εN/2).  s[ s  
243Z25
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y ∈ Σ(S0) \SPﬃRSKM\a`LKUVf~)RSADF$ADTWEcTW~ZFbVDF/TWNf\¤y=TZNfV _ P^iS` e/TZV _ KUR]KMTZV8\/[FoAfPZFxR]AfF$i]FbOMP^R]KMTZV∣∣∣〈K(ε)(χΛN (ε)),y〉
L2(S0)
3
− 〈K(ε)(ΛN (ε)), χy〉
L2(S0)
3









(ρ1, ρ2)× ∂S0 T^ S0 #KUR]A 0 < ρ1 < ρ2 lm\¤R]ADKQ\ _ TZE2PZKUV2KQ\P^RBP _ KM\aRSPZVfe











































y˘(T, s) := χ(ε1/2T )
(












































































y ∈ Σ(S0) DFoAfPZF






















‖zε − zN (ε)‖
H1×H2(S0) ≤ C ε
N/2−9/4.



















    

zε
kC"&ﬂ 	ﬀﬁﬀ9ﬀ ﬃ# AW r
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n  #njk= s[ z
  
 Zﬀ 2"
N ∈ N  
 0& b%<&!	"i6 	 
‖zε − zN (ε)‖
H
1×H2(S0) ≤ C ε
N/2−1/4 #n ‖zε − zN (ε)‖
H
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k ≥ 0 ?R]ADF)R]Fbi]E2\ ‖ζk/2‖
H1×H2(S0)







k ≥ 0 [FxA8PZFR]ADF$Fd\kRSKUE2PﬃRSFb\
‖χZk/2i ‖L2(S0) ≤ C ε
1/4, ‖χZk/2i ‖H1(S0) ≤ C ε












































g ∈ Σ(S0) "ln  #nI_4ﬀ ﬃ ε  #nt ζ ∈ Σ(S0) ln zε ∈ Σ(S0) k{"&ﬂ










































1 × L2(S0) VfTZiSEﬂ`LKUFbO _ \
















R]AfFxF ﬀtNfPﬃRSKUTWV  s[BA A
 
\]ADTﬃX\R]AfF$i]Fd\aNDOURb
  6/2-  	
  x-!7   P/ 































		ﬁﬀﬂ	ﬃﬀ !" #$ﬁ%	'&ﬂ"(	 zA
 $ /. ./ .  ./
 %ﬁ	ﬃ1ﬃﬂ  	ﬁ    .!ﬀ" 
p V¥R]AfF)TWOUOMTﬃ#KMVD~f?F _ FbVDT^RSF)yL`
f [ε1/2]
RSADFcTZiSE2P^O\aFbi]KMFb\KUV _ Nfe































Ł Fe/TZVf\]K _ F/iBR]AfFxF ﬀtNfPﬃRSKUTWV ¢\aFbF AZ |A
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(r, s) 7→ (T, s) #KRSA T = ε−1/2r KMVR]ADF TZiSE2P^O\]F/iSKMFb\ A[ε1/2] {p Ve
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A˘0
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&ﬂﬀ :i |D z
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  ­­   @BADF.>fip\aR#R]F/iSE2\BT^R]ADFoTWi]E2P^O±\]F/iSKMFb\
A[ε]
#i]KUR]F























































































































S˘ := R+ × ∂S0 yt`
∀ k ≥ 0 D(k)(ε)(T, s; ∂T , ∂s) := Dk(ε1/2T, s; ε−1/2∂T , ∂s).
lm\#KMV²±F/EE2PuDBAZ[FoAfPZFR]ADF$F/g[YfP^Vf\]KMTZV



































dk/2 : Σ(S˘) → C∞(∂S0)4 













D0z = (zr, zs, z3, ∂rz3)






d[ε1/2] = ε−1/2d−1/2 + d0 + · · · ,
#KRSA














@BADFoTZiSE2P^O±\]F/iSKUFd\y8TWNDV _ PZi]`F ﬀtNfPﬃRSKUTWV9>fV8P^OMOU`#iSKUR]Fb\hH

































εk/2d˘k/2 = ε−1d˘−1 + ε−1/2d˘−1/2 + d˘0 + · · · ,
#KRSA















d˘−1T Z˘ = d˘
−1
s Z˘ = d˘
−1/2
T Z˘ = d˘
−1/2
s Z˘ = 0, d˘
0














































A[ε1/2] ζ[ε1/2] = G[ε1/2] f [ε1/2],
A[ε1/2] Z[ε1/2] = 0,
d[ε1/2] ζ[ε1/2] + d[ε1/2] Z[ε1/2] = h[ε1/2] f [ε1/2].
ufAs
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R
g[ε1/2] := G[ε1/2]f [ε1/2]
PZV _
























d[ε1/2] ζ[ε1/2] + d˘[ε1/2] Z˘[ε1/2] = h[ε1/2] f [ε1/2].
@BADKM\X#i]KUR]Fd\/LTWi
k ≥ −2 
k∑
`=0























































































(k−`)/2) = ck/2n .
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k ≥ 0 FoAfPWF H
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
K[ε1/2] ζ′[ε1/2] = G0 f [ε1/2],
K[ε1/2] Z ′[ε1/2] = 0,







































g[ε1/2] = G[ε1/2] f [ε1/2]
P^V
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A[ε1/2] ζ[ε1/2] = G[ε1/2] f [ε1/2],
FoFbPW\aKMOM` \aFbFoNf\aKMVD~ AW zgF
 
R]A8PﬃRXFxA8PZF















p F _ F/VDTZR]F2yL`









k ≥ 0 
V































































































































































































Z ∈ Σ(S˘) 
P(k)j (ε)Z = P kj (ε1/2T, s; ε−1/2∂T , ∂s)(Z),
P^V _ RSADFPW\]\]T[e






















































Φ[ε1/2] := Ψ[ε1/2] ζ[ε1/2] + Θ[ε1/2] f [ε1/2] + ψ[ε1/2] Z[ε1/2].
#ADF/iSF
Θ[ε]


















L(ε)(T, s,X3; ∂T , ∂s, ∂X3) := L(ε
1/2T, s, εX3; ε
−1/2∂T , ∂s, ε−1∂X3 )
P^V
_
T (ε)(T, s,X3; ∂T , ∂s, ∂X3) := T(ε
1/2T, s, εX3; ε
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v[ε1/2]  W [ε1/2]
#n
Φ[ε1/2]







































































































L[ε1/2] V [ε1/2]Z = −I ◦A[ε1/2]Z P^V _ T [ε1/2] V [ε1/2]Z = 0,
P^V
_
R]AfKM\#e/OUFdP^iSOU` \]ADTﬃX\R]AfF$FﬀtNfPﬃRSKUTWV  FL s
 
Nf\]KUVf~)RSADF$iSF/OQPﬃR]KMTZV




























































































































d[ε1/2] ζ[ε1/2] + d[ε1/2] Z[ε1/2] = h[ε1/2] f [ε1/2],
P^V
_























xP^V _ \]NDEEKUVf~ RSADF+F/g[YDi]Fd\]\]KMTZVf\\]T
















− d[ε1/2] ζ[ε1/2] + h[ε1/2] f [ε1/2]− c[ε1/2] Z[ε1/2] = 0,
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v[ε1/2]  W [ε1/2]
ln
Φ[ε1/2]
k<& ﬃﬀ i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ζ0 = ζ ′0, ζ1/2 = ζ ′1/2, Z0 = Z ′0, Z1/2T = Z
′
T
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R#TWiXP^OMO
N ∈ N 





vk/2(x1, x2, X3) + χ(r)W























































































∀v ∈ V (Ω), ‖v‖
H1(Ω)3



























































∀v ∈ V (Ω), ‖v‖2
H1(Ω)3






















































y8FoRSADFxTZiSEPZO\aFbi]KMFb\ _ F>fVDF _ KMV RSADFoYDiSF/LKUTWNf\B\aNfyf\aFdeRSKUTWVf\/ Ł F
FbPZ\]KMOU` \]F/FxRSAfPﬃR
∀ k ≥ 0, ‖vk/2‖
H1(Ω)
≤ C .
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w(ε)
kj"&ﬂ9	'& ﬃ nqn













∀N ≥ 0, ‖w(ε)−w[N ](ε)‖
H1(Ω)3
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k ≥ 4 
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A˘1/2σ = A˘0,1/2σ + A˘1,−1/2σ + A˘2,−3/2σ
PZV






K˘1/2σ = M˘1/2σ + B˘−3/2σ
PZV

























































R]OM`2R]A8PﬃR A˘2,−3/2σ = B˘−3/2σ = 0 P^V _
A˘2,−3/23 Z˘ = B˘−3/23 Z˘ =
2
3













































Ł FoRSAtN8\ _ F _ Nfe
FxR]A8PﬃR
D˘03 = D˘0,03 + D˘1,−1/23 .
lm\
D13
KM\xRSADF &/Fbi]TTWY8FbiSP^R]TZidF _ F _ N8e








	 oŁ F)e/TZEYDN[RSFVDTﬃ R]ADF)TZY=F/ipPﬃRSTZi D˘−1/2n mlm\mR]ADFﬀTZY=F/ipPﬃR]TWiS\ Dkn




















D˘−1/2n = D˘0,−1/2n + D˘1,−3/2n .
£NDRKR$KQ\$e






































































P 3z3 = p
3
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z ∈ Σ(S0)  ϕ := Ψ2z − d2z KM\BRSADF$NDVDK ﬀtNDF$\aTWOUNDR]KMTZVT^R]ADF$YDiSTZyfOUFbE
L 0ϕ = −L 1Ψ1z KUV ∂S0 × Σ+,
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Ψ2z ∈ C∞(∂S0,H(Σ+)) \]F/FcR]ADFy=F/~WKUVDVfKUVD~T^BILFbe
R]KMTZV"u   P^V _ d2z KUV+R]ADF2\]YfPZe/Fc\]YfPZVDVDF _ yL`

































ραα(z)− pbααγββ (z)− 2bβαγαβ (z)
)
.




L 0φ = −L 1Ψ1z KUV ∂S0 × Σ+,








L 0φ = 0
KMV
∂S0 × Σ+,
T 0φ = 0
KMV








































































































































































































































1 KQ\/&/F/iSTfﬃPZV _ RSADF _ KM\]YDOQPZe/F/EF/VtR
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c2 = − 12c′p 6= 0

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KQPﬃRSF _ #KRSA RSADF$\aADKUR]F _











§m\]KUVf~)RSADF$Y=TW\]KRSKULKURk` T^R]ADF$iSKM~ZK _ KRk`R]F/V8\aTWib[FoAfPZFR]AfP^R





































ραα(z)− pbααγββ (z)− 2bβαγαβ (z)
) ﬁaf zWz  
#ADF/iSF
p = λ(λ+ 2µ)−1
;@BADFoTZOMOMTﬃ#KUVD~cOMF/EE2PYDi]Fde
KQ\aFR]AfF0>fiS\aRXYfPZiaR#T^h;iSTZY=TW\]KRSKUTWVvF[ zD
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v1 = ζ1 + V1ζ0 =
{





































Tﬃ N8\aKMVD~cR]ADFoTWi]E2PZO±\aFbi]KMFb\$ FL z
 
DFoAfPZF













































−X3(brr(0, s)ZT + bsr(0, s)Zs),
−X3(∂sZ3 + brs(0, s)ZT + bss(0, s)Zs),
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ln ‖∂αZ‖L2(Ωε) = O(ε1/4).
 
v ∈ C∞(I,Σ(S0))  W ∈ C∞(I×∂S0,T(R+)) #n Φ ∈ C∞(∂S0,H(Σ+)) kCog# ﬁ.#ﬀ  \ :ﬀ
  i!	%"#n  ﬂln ﬂ8ﬀ'ﬃ
ε










= O(ε1/2), ‖∂αv‖L2(Ωε) = O(ε
1/2),




= O(ε3/4), ‖∂αW ‖L2(Ωε) = O(ε1/4),













‖e˜αβ(v0 + ε1/2v1/2 + εv1)‖L2(Ωε) = O(ε1/2),
#ADF/iSFoFoNf\]FoR]ADFoPWeRBR]A8PﬃR
















k ≥ 3 



















ζ0 6= 0 
‖e˜α3(v0 + ε1/2v1/2 + εv1 + ε3/2v3/2)‖L2(Ωε) = O(ε3/2),
#ADKUOMFoTZiXPZOUO









‖e˜α3(εk/2W k/2)‖L2(Ωε) ≤ O(ε(2k−1)/4).
MŁ
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DTZiBRSADF|# y8TWNDV _ PZi]`2OQP`ZFbiRSF/iSE2\/[F$~ZF/RTWiXP^OMO
k ≥ 2 
‖e˜α3(εk/2Φk/2)‖L2(Ωε) ≤ O(εk/2).
KUVfPZOUOM`ZDTZiBR]AfFoR]ipP^Vf\]ZFbiS\]F\aR]ipP^KMV±[FxTWy[RSPZKUVR]AfF$Fb\aR]KMEP^R]Fd\
‖e˜33(v0 + ε1/2v1/2 + εv1)‖L2(Ωε) = O(ε1/2)
P^V _ TZiXPZOUO
k ≥ 3  ‖e˜33(εk/2vk/2)‖L2(Ωε) ≤ O(ε(k−1)/2)
¤ILKMEcKMOQP^iSOU`W[F$AfPWF
‖e˜33(W 0 + ε1/2W 1/2 + εW 1)‖L2(Ωε) ≤ O(ε3/4)
P^V _ TZi
k ≥ 2 
‖e˜33(εk/2W k/2)‖L2(Ωε) ≤ O(ε(2k−1)/4)
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ζ1 = ζ1 − ζ′1 8P^V _ \]KUEKMOMPZi]OM`





 P^V _ E1 =


















‖e˜αβ(e0 + ε1/2e1/2 + εe1)‖L2(Ωε) ≤ O(ε3/2)
P^V _
‖e˜αβ(E0 + ε1/2E1/2 + εE1)‖L2(Ωε) ≤ O(ε5/4).
¯ TZiSF/TﬃWF/iFoAfPWF
‖e˜α3(e0 + ε1/2e1/2 + εe1)‖L2(Ωε) ≤ O(ε5/2)
P^V _





0 + ε1/2e1/2 + εe1) = 0
PZV _
e˜33(E
0 + ε1/2E1/2 + εE1) = 0.
Ł Fe/TZVfe/OUN _ FoPW\By8F/TZiSFoNf\aKMVD~@BADFbTZiSF/E af zﬀR]A8PﬃR
E˜ε3D[w
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